Abstract: Ionic Liquids have emerged as effective lubricants and additives to lubricants, in the last decade. Halogen-free ionic liquids have recently been considered as more environmentally stable than their halogenated counterparts, which tend to form highly toxic and corrosive acids when exposed to moisture. Most of the studies using ionic liquids as lubricants or additives of lubricants have been done experimentally. Due to the complex nature of the lubrication mechanism of these ordered fluids, the development of a theoretical model that predicts the ionic liquid lubrication ability is currently one of the biggest challenges in tribology. In this study, a suitable and existing friction model to describe lubricating ability of ionic liquids in the elastohydrodynamic lubrication regime is identified and compared to experimental results. Two phosphonium-based, halogen-free ionic liquids are studied as additives to a Polyalphaolefin base oil in steel-steel contacts using a ball-on-flat reciprocating tribometer. Experimental conditions (speed, load and roughness) are selected to ensure that operations are carried out in the elastohydrodynamic regime. Wear volume was also calculated for tests at high speed. A good agreement was found between the model and the experimental results when [THTDP][Phos] was used as an additive to the base oil, but some divergence was noticed when [THTDP][DCN] was added, particularly at the highest speed studied. A significant decrease in the steel disks wear volume is observed when 2.5 wt. % of the two ionic liquids were added to the base lubricant.
Introduction
Almost all of the machines that we use today run on some source of energy. However, a fair amount of this energy is lost as frictional force has to be overcome. Moreover, wearing out of the contact surfaces is responsible for a large amount of mechanical failures. Lubricants are important fluids as they are responsible for reducing friction, removal of wear particles and, hence, minimizing loss of energy [1] . In the transportation industry, overcoming friction is one of the main focus areas as, in passenger cars for example, almost one third of the total energy is used to overcome friction in the tires, brakes, transmission and the engine [2] . It is estimated, that between 1% and 1.55% of a country's Gross Domestic Product (GDP) can be saved if friction and wear losses in mechanical parts were reduced. It is also estimated that approximately 11% of the total energy consumed in the U.S. annually in the areas of transportation, turbomachinery, power generation, and industrial processes can be saved through new developments in lubrication and tribology [3] .
In the last decade, Ionic Liquids (ILs) have emerged as high performance fluids due to their unique characteristics [4, 5] . Their high thermal stability, low vapor pressure, non-flammability, non-volatility, high viscosity, broad liquid range, high ionic conductivity, wide electrochemical window, and miscibility with organic compounds make them ideal candidates for many engineering applications. ILs are salts with melting points lower than 100˝C; and are usually composed of an organic cation and a weakly coordinating anion. Besides the above-mentioned properties, ILs have the ability to form highly ordered adsorbed layers [6, 7] on metal surfaces reducing friction and wear of mechanical components. The use of ILs as neat lubricants was first reported in 2001 [7] . Since then, ILs have emerged as promising advanced lubricants, not only as neat oils [8, 9] , but also as lubricant additives [9] [10] [11] . Another reason behind choosing ILs as our lubricant is the fact that they can be considered as green substances when they are free of halogens [12] . Experimental studies using halogen-free ILs have provided favorable results in the past [13, 14] . This is a major advantage that these liquids hold over all the various commercially available lubricants.
In the past, ILs have primarily been studied in the boundary lubrication regime [4, 15] and more information about their behavior in the elastohydrodynamic regime is required. This study will focus on the elastohydrodynamic lubrication regime and a friction model based on this regime will be used to compare experimental results so as to narrow down requirements for an acceptable lubrication mechanism model. The tribological behavior of two phosphonium-based ILs, Tetradecyltrihexylphosphonium bis(2,4,4-trimethylpentyl)phosphinate [THTDP] [Phos] and Trihexyltetradecylphosphonium Decanoate [THTDP] [DCN], is investigated as additives of a synthetic polyalphaolefin oil-Synton PAO-40 (PAO)-in steel-steel contact. PAO-IL blends containing between 0.5% wt. to 2.5% wt. of each IL are investigated using a block-on-flat reciprocating tribometer and the experimental results are compared to the results obtained from an existing elastohydrodynamic friction model.
Theory

Friction in Elastohydrodynamic Contacts
Elastohydrodynamic Lubrication (also referred to as EHD) is a form of hydrodynamic lubrication wherein the existence of a fluid film between two contacts is explained by the elastic deformation of the surfaces under very high pressures and also the change in the viscosity of the fluid with pressure [16, 17] . Various rheological models for evaluating the friction coefficient in the EHD regime exist. The approach used in this study is to determine the shear stress using one of these models. The shear stress is then integrated over the contact area to determine the friction force and thereby the coefficient of friction [18] . Based on the load, elasticity of the materials and sliding speed planned, the regime of lubrication can be set. In this study, the elastohydrodynamic regime will be used. Using the chart of Hamrock and Dowson, Otero et al. [19] selected the following correlation to calculate the central film thickness:
W˙0
.067
(1)
It should be noted that Equation (1) is valid for unidirectional motion for reciprocating motion when large stroke lengths are applied [20] . Once the film thickness is known, the film parameter (λ) is used to determine the lubrication regime. If the film parameter is between 3 and 10, elastohydrodynamic regime can be considered [19] . Given the surface roughness of the two mating surfaces (σ 1 , σ 2 ), the film parameter is given by:
The rheological model considered under this study is Carreau Model [19] . A generalized viscosity formula is provided by: where exponent n and shear modulus G are lubricant specific properties obtained by curve fits to data. The calculation of the Barus pressure viscosity coefficient (α) is explained in Section 2.2. In a Newtonian fluid, the shear stress is given by,
where the viscosity is given by Equation (3). The friction force is then obtained by integrating the shear stress over the contact area. Dividing the friction force by the normal load, the coefficient of friction is determined. The expression for the friction coefficient is given by:
Here p 0 is the Hertz pressure for a point contact [19] given by:
Calculating the Barus and Roelands Pressure Viscosity Coefficient (α)
The pressure viscosity coefficient of most ionic liquids has not been documented. Pensado et al. [21] have determined this coefficient for a few imidazolium based ionic liquids using already published data [22] [23] [24] . As the viscosity pressure data for the ionic liquids and the mixtures of ionic liquids used in this study are unavailable, an alternative method has been used.
The Barus (Equation (7)) and Roelands (Equation (8)) pressure viscosity relations are presented below:
where, η R and p r are reference viscosity and pressure (η R = 6.315ˆ10 -5 Pa¨s and p r = 1.98ˆ108 Pa), α is the Barus Pressure-Viscosity Coefficient, and Z is Roelands' Pressure Viscosity index.
The Roeland pressure viscosity index can be approximated from the relation given by Fein and Roelands [25, 26] .
Z " r7.81 pH 40´H100 qs 1.5 F 40 (9) where F 40 " p0.885´0.864H 40 q ; H 40 " log plog pη 40 q`1.200q ; H 100 " log plog pη 100 q`1.200q (10) and η 40 and η 100 are the viscosities of the liquid at 40˝C and 100˝C respectively. The above correlation gives good estimates for synthetic hydrocarbons, polymers, diesters, polyolesters, and hydrocarbon and ester-base oils with additives [25] . This is applicable to this work as the base lubricant is a synthetic hydrocarbon.
If we assume that at ambient pressure (p = 0), the slopes of the Barus and Roelands equation are equal, then the Barus parameter can be obtained from the Roelands one using [27] :
Moes [28] showed that the reciprocal asymptotic isoviscous pressure coefficient, α*, provides a better solution when compared to α. The authors in [28] , also provided the following correlation between α and α*, that is used in this study:
The results of the above calculations can be found below.
Experimental Details
Lubricants
The base lubricant for this study is Synton PAO-40 (PAO) a synthetic oil. Two ionic liquids are used as additives to the base lubricant. The ionic liquids used were obtained commercially from Sigma-Aldrich (USA). Their details are presented in Table 1 . Table 1 . Name and structure of ILs used in this study.
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Tribological Experiments
AISI 52100 steel flat disks (19 mm diameter, 62 hardness HRC, Roughness Ra = 0.1-0.4 μm) were tested in a ball-on-flat reciprocating tribometer against AISI 420C steel balls (1.5 mm spherical diameter, 55-58 hardness HRC, Roughness Ra = 0.05 μm). Tribological tests were carried out at room temperature and under a normal load of 5 N (2.75 GPa maximum Hertzian pressure), and three different speeds of 0.01 m/s, 0.02 m/s and 0.04 m/s. The roughness was varied according to the speed to ensure that the film parameter (λ) was always between 3 and 10, thereby ensuring we were operating in the elastohydrodynamic regime. Table 2 shows the values of roughness used at different speeds and the calculated film parameter using Equation (2) . As the film parameter is always between 3 and 10, we ensure that we are operating in the elastohydrodynamic regime. Moes [28] showed that the reciprocal asymptotic isoviscous pressure coefficient, α*, provides a better solution when compared to α. The authors in [28] , also provided the following correlation between α and α*, that is used in this study:
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AISI 52100 steel flat disks (19 mm diameter, 62 hardness HRC, Roughness Ra = 0.1-0.4 μm) were tested in a ball-on-flat reciprocating tribometer against AISI 420C steel balls (1.5 mm spherical diameter, 55-58 hardness HRC, Roughness Ra = 0.05 μm). Tribological tests were carried out at room temperature and under a normal load of 5 N (2.75 GPa maximum Hertzian pressure), and three different speeds of 0.01 m/s, 0.02 m/s and 0.04 m/s. The roughness was varied according to the speed to ensure that the film parameter (λ) was always between 3 and 10, thereby ensuring we were operating in the elastohydrodynamic regime. Table 2 shows the values of roughness used at different speeds and the calculated film parameter using Equation (2) . As the film parameter is always between 3 and 10, we ensure that we are operating in the elastohydrodynamic regime. 
AISI 52100 steel flat disks (19 mm diameter, 62 hardness HRC, Roughness Ra = 0.1-0.4 µm) were tested in a ball-on-flat reciprocating tribometer against AISI 420C steel balls (1.5 mm spherical diameter, 55-58 hardness HRC, Roughness Ra = 0.05 µm). Tribological tests were carried out at room temperature and under a normal load of 5 N (2.75 GPa maximum Hertzian pressure), and three different speeds of 0.01 m/s, 0.02 m/s and 0.04 m/s. The roughness was varied according to the speed to ensure that the film parameter (λ) was always between 3 and 10, thereby ensuring we were operating in the elastohydrodynamic regime. Table 2 shows the values of roughness used at different speeds and the calculated film parameter using Equation (2) . As the film parameter is always between 3 and 10, we ensure that we are operating in the elastohydrodynamic regime. Friction coefficients were continuously recorded with sliding distance. Mean friction coefficients and wear volume were obtained after three tests under the same conditions. Volume loss (Vf ) was determined by image analysis after 45 wear track width (Wt) measurements for each test, according to Equation (13) [29] :
where L s is stroke length, R f is the radius of 420C steel ball and h f is the wear depth given by Equation (14) Lubricants 2016, 4, 16
Viscosity of Lubricants
Viscosities at 40˝C and 100˝C were obtained using a Brookfield DV II+ viscometer with a small sample attachment. The results are presented in Table 3 . 
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The viscosities at 40˝C and 100˝C along with the pressure viscosity coefficient at 40˝C are listed in Table 3 . The addition of the ionic liquids increased the viscosity of the PAO slightly. where Ls is stroke length, Rf is the radius of 420C steel ball and hf is the wear depth given by Equation (14) 4 (14)
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Viscosities and Pressure Viscosity Coefficients of Lubricants
The viscosities at 40 °C and 100 °C along with the pressure viscosity coefficient at 40 °C are listed in Table 3 . The addition of the ionic liquids increased the viscosity of the PAO slightly. Table 4 shows the RMS (Root mean square) error values between the experimental results and the model. Table 4 shows the RMS (Root mean square) error values between the experimental results and the model. As expected, a good agreement between the theoretical and experimental results is found when PAO is used as lubricant (Figure 1 (Figure 3 ), a higher difference between the model and experimental results is observed, particularly as the concentration of this IL and sliding speed of the tests is increased. It is well known that ILs have the ability to form highly ordered absorbed layers [6, 9, 30] that reduce friction and wear of the materials in contact [31, 32] . The formation of this tribofilm is favored by the polarity of the anion and high values of pressure and/or speed. The higher deviation between the model and experimental results when the concentration of [THTDP] [DCN] and sliding speed increase, may be due to tribochemical reactions of the IL to form the ordered layer on the metalic surfaces [33] ; and such a phenomenon is unaccounted in the model used in this study. 
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Conclusions
This paper studies the tribological effects of the addition of two halogen-free ionic liquids to a synthetic oil in steel-steel contact using a ball-on-flat reciprocating tribometer. The experimental friction results are compared to those obtained using an existing elastohydrodynamic friction model. 
This paper studies the tribological effects of the addition of two halogen-free ionic liquids to a synthetic oil in steel-steel contact using a ball-on-flat reciprocating tribometer. The experimental friction results are compared to those obtained using an existing elastohydrodynamic friction model. Experimental conditions (speed, load and roughness) are selected to ensure that operations are carried out in the elastohydrodynamic regime.
The addition of the ILs showed a slight increase in both the visosity and the pressure-viscosity coefficient of the PAO. A good agreement was found between the model and the experimental results when [THTDP] [Phos] was used as an additive to the base oil but some divergence was noticed when [THTDP] [DCN] was added, particularly at the highest speed studied. This higher deviation may be due to tribochemical reactions of the IL to form the ordered layer on the metalic surfaces. A significant decrease in the steel disks wear volume is observed when 2.5 wt. % of the two ionic liquids are added to the base lubricant.
